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Abstract
Anthracyclines are standard-of-care chemotherapy for the treatment of triple-
negative breast cancer (TNBC). However, high anthracyclines cumulative doses 
increase heart failure risk. Designing therapeutic strategies that ameliorate car-
diac toxicities without compromising oncologic efficacy are important to improve 
TNBC outcomes and survivorship. The purpose of this study was to determine 
the impact of diet on TNBC chemotherapeutic responsiveness and development 
of chemotherapy-induced cardiac damage. Female BALB/c mice fed a control, 
Western, Mediterranean, or Western + fish oil diet were injected with 1 × 106 
4T1-luciferase TNBC into the mammary fat pad. Tumors grew for 21 days before 
surgical tumor resection, then mice were treated with 3.3 mg/kg i.v. doxorubicin 
for 3  weeks. Vevo (R) cardiac ultrasound was performed. Female nu/nu mice 
were placed on diets before 1 × 105 MDA-MB-231-luciferase TNBC were injected 
via the tail vein to induce the development of lung metastases. Mice were treated 
with saline or 3.3 mg/kg i.v. doxorubicin for 3 weeks, and the development of 
metastases visualized by IVIS (R). Consumption of a high-fat diet increased 
TNBC growth regardless of dietary pattern. Western diet-fed mice developed 
lung metastases sooner and displayed increased lung metastatic lesion forma-
tion, which was not observed in Mediterranean diet-fed mice. Western diet-fed 
animals displayed worse cardiac function when compared with Mediterranean 
diet-fed animals. Hearts from Western diet-fed animals displayed increased fi-
brosis. Diet represents a modifiable component directly impacting tumor growth, 
antitumor chemotherapy efficacy, and cardiac toxicities. Our data suggest that 
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1   |   INTRODUCTION

Breast cancer is the most frequently diagnosed cancer in 
women with approximately 281,000 new cases diagnosed 
each year (Siegel et al., 2021). Triple-negative breast cancer 
(TNBC) represents around 10–15% of all breast cancer cases 
and predominately affects young and minority women 
(Foulkes et al., 2010). TNBC is highly aggressive and cur-
rently has no targeted therapeutic options, thereby limiting 
patients to chemotherapy (Perez et al., 2019). Several stud-
ies have demonstrated a strong link between obesity and in-
creased risk of developing premenopausal TNBC (Pierobon 
& Frankenfeld, 2013; Sun et al., 2017). Furthermore, some 
studies reported a three-fold higher mortality rate in obese 
women at diagnosis (Protani et al., 2010), indicating the 
important role obesity plays in modulating therapeutic re-
sponsiveness, promoting metastases, and/or the develop-
ment of off-target toxicities that limit treatment to decrease 
breast cancer survival (Guenancia et al., 2016).

In the United States, there are over 3.8 million breast 
cancer survivors, making the unique long-term health 
concerns of this population a health priority. Breast can-
cer survivors face a greater burden of non-cancer chronic 
diseases, such as cardiovascular disease, compared to their 
cancer-free peers, leading to excess morbidity and reduced 
quality of life (Bradshaw et al., 2016; Gernaat et al., 2017; 
Patnaik et al., 2011, 2011). Anthracycline-based strategies 
remain the standard chemotherapy for adjuvant and neo-
adjuvant treatment of TNBC (Isakoff, 2010). However, 
high cumulative doses of anthracyclines increase the risk 
of congestive heart failure (Jensen, 2006; McGowan et al., 
2017). Although it is well established that anthracyclines 
cause cardiac damage, there is a gap in understanding 
mechanisms of cardiotoxicity and markers of susceptibil-
ity. Due to the clinical benefit of chemotherapy, it is now 
essential to find novel strategies to ameliorate side effects 
without compromising oncologic efficacy.

The Primary Prevention of Cardiovascular Disease 
with a Mediterranean Diet (PREDIMED) evaluated the 
effects of the Mediterranean diet on the prevention of car-
diovascular disease (Estruch et al., 2018). The results of an 
interim analysis prompted early termination of the trial 

due to reductions in the cardiovascular event rates in the 
intervention groups. The PREDIMED study reported that 
consumption of the Mediterranean diet supplement with 
extra virgin olive oil (EVOO) and tree nuts lowered the 
risk of postmenopausal breast cancer by 51%. In another 
study assessing adherence to the Mediterranean diet and 
breast cancer risk, the Mediterranean diet was reported to 
reduce the risk of estrogen receptor-negative breast cancer 
(Turati et al., 2018), suggesting Mediterranean diet con-
sumption reduces TNBC breast cancer risk.

Due to the promising data on diet influencing the 
development of breast cancer and heart disease, we 
wanted to determine the impact of dietary patterns on 
chemotherapy-induced cardiac dysfunction. We aimed to 
concurrently explore different dietary patterns effects on 
primary TNBC tumor growth, the development of meta-
static lesions, the response to chemotherapy, and the de-
velopment of doxorubicin-induced cardiac damage. To 
do so, we employed two different TNBC models (4T1 and 
MDA-MB-231) consuming four different diets (standard 
rodent control diet, Western diet, Mediterranean diet, and 
a Western + Fish oil diet). We show that consuming a high-
fat diet increases primary breast tumor growth. However, 
the Mediterranean diet reduces lung metastatic burden 
and prevents the development of cardiac dysfunction.

2   |   MATERIAL AND METHODS

2.1  |  Compliance statements

The protocol was approved by the Animal Care and Use 
Committee of the Wake Forest School of Medicine (pro-
tocol #A18-020), and all procedures were carried out in 
accordance with relevant guidelines and regulations.

2.2  |  Murine diet composition

All diets were formulated and purchased from Envigo 
(Indianapolis, IN). Standard rodent laboratory chow (con-
trol diet; TD.08806) contains approximately 10% kcal from 

the Mediterranean diet may reduce lung metastatic lesions formation and pre-
vent the development of cardiac toxicities.
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fat and 9% by weight sucrose. We designed a 45% kcal from 
fat “Mediterranean” diet (TD.180299). The Mediterranean 
diet contains approximately 45% kcal from fat with olive 
oil being the main source, and 8% of fat is from fish oil. 
The Western diet (TD.180300) has reduced dietary fiber 
and increased sodium (7 g/kg). The Western diet contains 
approximately 45% kcal from fat with corn oil, palm oil, 
and milk-fat being the main sources of dietary fat. The 
Western + fish oil diet (TD.180301) is designed to repre-
sent a Western diet background with 8% of the palm oil 
replaced by fish oil. See Table 1 for diet characteristics.

2.3  |  Glucose tolerance test and body fat 
composition

Mice were overnight fasted with access to drinking water. 
Fasted blood glucose was measured using a OneTouch 
Ultra2 by LifeScan, Inc. (Milpitas, CA) with GenUltimate! 
Test Strips (Cat. No. 100-10). Oral gavage of 2 g/kg sucrose 
was administered, and blood glucose was measured 15, 
30, 60, and 120 min after gavage. Whole-body fat composi-
tion was measured using EchoMRITM (Houston, TX).

2.4  |  In vivo TNBC tumor 
resection model

Female 3-week old BALB/c mice were purchased from 
Charles River (Charleston, South Carolina) and placed on 
a control, Mediterranean, Western, or Western + Fish oil 
diet for 5  weeks. At 8-weeks of age, mice were injected 
with 1 × 106 4T1-luciferase breast cancer cells in the left 
inguinal fat pad. Primary tumor growth was monitored 
by IVIS and calipers weekly for 21 days. Primary tumors 
were then resected and IVIS imaging performed to con-
firm complete tumor removal. One week after tumor re-
section, mice received 3.3  mg/kg DOX I.V. for 3  weeks 
(cumulative dose of 9.9  mg/kg DOX), and the develop-
ment of breast cancer lung metastases was monitored by 
weekly IVIS imaging. Transthoracic echocardiography 
was performed using a Vevo 2100 LAZR ultrasound sys-
tem (FUJIFILM/VisualSonics, Inc.; Toronto, Canada) 
equipped with a 30 MHz linear array transducer. M-mode 
short-axis images were obtained to assess ejection fraction 
and fractional shortening. Mitral valve early filling veloci-
ties (E) and septal annular velocities (e’) were obtained 
using pulsed Doppler and tissue Doppler, respectively. 
E/e’ was calculated as an index of left ventricular (LV) 
filling pressure. To determine arterial stiffness the pulse 
wave velocity was calculated as follows: PWV = Distance 
(D)/Time (T), where D is the distance in mm between 
the ascending aorta site to descending aorta site and 

T = (R point of the EKG to the foot of the ascending aorta 
flow) − (R point of the EKG to the foot of the descending 
aorta flow) in msec (Rahimi et al., 2020). Cardiac func-
tion was measured in matched animals at 7 weeks of age, 
10  weeks of age (tumor-bearing), and 14  weeks of age 
(1 week post last DOX injection). At 14 weeks of age, the 
study was terminated, and mouse lung weight and heart 
weight were recorded. Mice that developed significant 
weight loss, shortness of breath, or other humane end-
points were removed from the study.

2.5  |  In vivo TNBC intra-caudal artery 
injection lung metastases model

Female 4-week old athymic (nu/nu) mice were pur-
chased from Charles River (Charleston, South Carolina) 
and placed on a control, Mediterranean, Western, or 
a Western  +  Fish oil diet for 4  weeks. At 8-weeks of 
age, mice were injected with 2.5  ×  105  MDA-MB-231-
luciferase breast cancer cells into the tail caudal artery. 
Mice were then injected with saline or 3.3 mg/kg DOX I.V. 
for 3 weeks. At 12 weeks of age, the study was terminated, 
and the lung metastases were visualized by fluorescent 
imaging. Lung weight, heart weight, and tibia length were 
measured and recorded.

2.6  |  RT-PCR

RNA was isolated from snap-frozen heart tissue using the 
Trizol reagent according to the manufacturer's protocol 
(Thermo Fisher Scientific). RNA concentration and integ-
rity were measured with an Agilent 2100 Bioanalyzer with 
an RNA 6000 Nano LabChip (Agilent Technologies, Palo 
Alto, CA). cDNA was synthesized from 5 μg of total RNA 
using Superscript first strand RT-PCR reagents as de-
scribed by the manufacturer. RT-PCR was then performed 
using SYBR (R) Green assay with specific primers for 
COL1A. HPRT served as an internal control. Results were 
quantified as cycle threshold (Ct) values and expressed 
as the ratio of target/control (Relative Gene Expression 
COL1A to HPRT) using the 2−ΔΔCt method.

2.7  |  Immunohistochemistry

Hematoxylin and eosin (H&E) stained lung tissue was used to 
identify and quantify lung metastatic lesions. Tumor sections 
were stained against a Ki67 antibody (1:100) and visualized by 
3,3'-Diaminobenzidine (DAB) to demonstrate dietary effects 
on primary tumor proliferation. Cross-sectional paraffin-
embedded cardiac tissue was stained using a picrosirius-red 
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protocol. Tibiae were isolated from whole legs, fixed in 10% 
formalin, and decalcified. Paraffin-embedded bones were 
sectioned at 5 µm and placed on slides. H&E and bone histo-
morphometry was measured to determine bone volume 
fraction (BV/TV) and trabecular number was analyzed with 
BioQuant Osteo software (Figure S1).

2.8  |  Statistical analysis

Data are presented as the mean ± standard deviation (SD). 
Mouse body weight, tumor size, fractional shortening, ejec-
tion fraction, E/Eʹ, and pulse wave velocity over time were 
analyzed using two-way ANOVA followed by a Tukey's mul-
tiple comparison test. Body fat composition, glucose AUC, 

tumor weight, time to lung metastatic lesion detection, lung 
weight, lung metastatic lesion quantification & size, COL1A 
gene expression, and heart weight were analyzed using one-
way ANOVA followed by a Tukey's multiple comparison 
test. Statistical significance was set at p < 0.05.

3   |   RESULTS

3.1  |  Dietary effects on metabolic 
parameters in the BALB/c 4T1-luciferase 
tumor resection model

Consumption of Mediterranean, Western, and Western +  	
Fish oil diets increased body mass, composition, 

T A B L E  1   Experimental diet composition and nutritional information

Control diet 
(TD.08806)

Mediterranean diet 
(TD.180299)

Western diet 
(TD.180300)

Western diet + Fish oil  
supplementation (TD.180301)

Protein (% kcal) 20.5% 16.1% 15.9% 15.9%

Carbohydrates (% 
kcal)

69.1% 39% 39.6% 39.6%

Fat (% kcal) 10% 45% 44.5% 44.5%

Kcal/gram 3.6 4.4 4.4 4.4

Saturated fat 27% 18.3% 43.3% 41.5%

Monounsaturated fat 36.5% 67.3% 35.1% 33.9%

Polyunsaturated fat 36.5% 12.9% 20.5% 23%

n−6:n−3 ratio 7.1 3.0 34.4 6.2

Sucrose 11.2% 11.1% 27.4% 27.4%

Cholesterol (mg/kg) 60 136.4 246.5 337.3

Sodium (g/kg) 1.0 1.1 7 7

Potassium (g/kg) 3.6 8 3.9 3.9

Magnesium (mg/kg) 520 850 560 560

Calcium, g/k 5.6 5.5 5.5 5.5

Thiamin B1, ppm 7.3 5.3 5.3 5.3

Phosphorus, g/kg 3.5 3.1 3.1 3.1

Boric Acid, ppm 2.8 3.1 3.1 3.1

Zinc, ppm 42 45 45 45

Manganese, ppm 10.5 11.4 11.4 11.4

Vitamin K1, ppm 1.125 0.825 0.825 0.825

Fiber 3.7% 8% 8% 8%

Vitamin A (IU/kg) 6000 8400 6884 6884

Vitamin B12 (ug/kg) 3.75 11 11 11

Vitamin C (mg/kg) 0 500 0 0

Vitamin D (IU/kg) 1500 600 440 440

Vitamin E (IU/kg) 112.5 77.5 27.5 27.5

Folic Acid (mg/kg) 4.2 1.1 1.1 1.1

Note: Nutrient levels are calculated estimated and actual levels may vary from batch to batch.
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and glucose tolerance in comparison to mice-fed the 
Control diet. Mice consuming the intervention diets 
(Mediterranean, Western, and Western + Fish oil) all ex-
hibited increased total body weight compared to Control 
diet-fed mice (Figure 1a). This trend was still observable 
when normalized to fold change in body weight (Figure 
1b). Western Diet + Fish oil diet consuming mice had the 
highest average increase in fold change (approximately 
2-fold increase from baseline) of body weight, Western 
diet and Mediterranean diet-fed mice were similar to each 
other (approximately 1.8-fold increase from baseline), and 
Control diet-fed mice had the lowest average fold change 
in body weight (approximately 1.5 fold increase from 
baseline).

The body fat composition of BALB/c mice fed interven-
tion or control diets were measured using EchoMRI (TM). 
All three intervention diets were found to increase body 
fat mass percent compared to the Control diet (Figure 1c). 

However, there was no statistical or noticeable difference 
in body fat mass percent between Mediterranean, Western, 
or Western + Fish oil diet. Mice glucose tolerance was as-
sessed using an oral glucose challenge. Western diet-fed 
mice were found to have statistically elevated blood glu-
cose at 15 and 30 min (Figure 1d), as well as an overall 
increase in glucose area under the curve compared to 
Control diet-fed mice (Figure 1e). Western Diet + Fish oil-
fed mice only exhibited an increased blood glucose level at 
30 min but did not exhibit an overall increase in glucose 
area under the curve (Figure 1d–e).

3.2  |  A high-fat diet promotes primary 
tumor growth

The formation of 4T1-luciferase orthotopic tumors in 
the mouse mammary fat pad was confirmed using IVIS 

F I G U R E  1   Dietary effects on metabolic parameters in the BALB/c 4T1-luciferase tumor resection model. (a) Mouse body weight over 
the course of the study. n = 8–10 per diet. (b) Relative mouse body weight. Mouse body weight was normalized to baseline weight and 
graphed as a fold change of body weight over time. n = 8–10 per diet. (c) Body fat mass composition was determined by EchoMRI. n = 8 
per diet. (d) Blood glucose levels overtime during a glucose challenge. n = 8 per diet. (e) Glucose area under the curve during a glucose 
challenge n = 8 per diet; *p < 0.05
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imaging (Figure 2a). Tumors from mice fed high-fat diets 
(Western, Western  +  Fish oil, and Mediterranean) all 
displayed increased tumor size compared to tumors from 
Control diet-fed mice (Figure 2b). The tumors of Western 
diet-fed mice were the first to have a measurable volume 
and exhibited the fastest growth, with a statistically signif-
icant increase in size eleven days post-injection. The addi-
tion of fish oil to Western diet led to a decrease in tumor 
growth rate compared to the standard Western diet.

Tumor weight was measured at the time of resection. 
The tumors of high-fat diet-fed mice were all significantly 
larger than the tumors of Control diet-fed mice (Figure 
2c). Tumors of Western diet-fed mice were the largest of 
all four diets. The addition of Fish oil to the Western diet 
significantly reduced tumor weight (Figure 2c). Tumor 

size correlated with cell proliferation as measured by 
Ki67 staining (Figure 2d). Tumors from Western diet-fed 
mice contained increased Ki67 positive cells, and cell pro-
liferation was reduced by supplementing the Western diet 
with fish oil.

3.3  |  Diet modulates the development of 
lung metastases and DOX responsiveness

The development of lung metastases in post-resection 
mice was confirmed via IVIS imaging (Figure 3a). Mice 
fed the Western diet were the fastest to develop lung 
metastases (Figure 3b). At the termination of the study, 
lung weight was recorded. Mice fed the Western diet 

F I G U R E  2   High fat diet promotes primary tumor growth regardless of the fat source. (a) Representative IVIS bioluminescent imaging 
of BALB/c mice bearing 4T1-luciferase tumors on different diets over time. (b) Primary breast tumor volume measured every three days for 
21 days. n = 12 per diet. (c) Tumor weight at 21 days after primary tumor resection surgery. n = 12 per diet. (d) Representative images of 
primary 4T1-luciferase tumor Ki67 immunoreactivity as a marker of proliferation. *p < 0.05
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had greatly increased lung weight compared to mice 
fed all other diets (Figure 3c). Both Mediterranean diet 
and Western + Fish oil diet-fed mice had a discernible 
increase in lung weight, but they were not significantly 
larger than Control diet-fed mice, nor significantly 
smaller than Western diet-fed mice. Lung metastatic le-
sions were identified and quantified by H&E staining of 
paraffin-embedded tissue (Figure 3d–f). Mice consum-
ing a Western or Western  +  Fish oil diet displayed an 
increased number of lung metastatic lesions per section 
when compared with Control diet-fed animals (Figure 
3d). There was no significant difference in the average 
lung metastatic lesion area (Figure 3e).

3.4  |  Dietary patterns affect the 
development of DOX-induced cardiac 
dysfunction

The cardiac function of TNBC-resection model mice was 
measured using Vevo small animal ultrasound equip-
ment (Figure 4a). Mice fed the Western diet exhibited a 
significant decrease in left ventricular systolic function, 
as measured by percent fractional shortening, compared 
to Control and Mediterranean diet-fed mice (Figure 4b, 
“Baseline”). Supplementing the Western diet with fish 
oil created an observable, but non-significant, increase in 
fractional shortening compared to the standard Western 

F I G U R E  3   Diet differentially modulates the development of lung metastases and DOX responsiveness. (a) Representative IVIS 
bioluminescent imaging of BALB/c mice after 4T1-luciferase tumor section surgery on different diets over time, indicating the development 
of lung metastases. (b) Time to lung metastatic lesion detection as determined by weekly IVIS in BALB/c mice fed differing dietary 
patterns. n = 10 per diet. (c) Lung weight at the sacrifice of mice that reached an endpoint. n = 5–12 per diet. (d) Lung metastatic lesions in 
paraffin-embedded tissue were identified by H&E and counted as a number of lesions per section n = 5. (e) Average lung metastatic lesion 
area was determined by measuring the length and width of detected lung lesions of H&E stained tissue using ImageJ software. n = 5. (f) 
Representative H&E images of lung tissue from mice on each diet. Lung metastatic lesions are outlined in yellow. *p < 0.05
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diet. Tumor burden significantly decreased percent frac-
tional shortening in both Control and Mediterranean diet-
fed mice but did not further decrease fractional shortening 
in Western or Western + Fish oil diet-fed mice (Figure 4b, 
“Tumor Bearing”). Control, Western, or Mediterranean 
diet-fed mice all had decreased fractional shortening 
post-DOX treatment compared to baseline. DOX treat-
ment further decreased fractional shortening compared 
to tumor-bearing time point in Western diet-fed mice, 
though the decrease was not significant. Mediterranean 
diet-fed mice did not exhibit any decrease in fractional 
shortening when tumor-bearing or after DOX treatment 
compared to baseline. The percent change in fractional 
shortening from baseline to endpoint was significantly 
worse in Western diet-fed animals (−31.6% compared 
with −20.6% in control diet-fed mice; Table 2) which was 
not observed in Mediterranean or Western + fish oil diet-
fed mice.

Cardiac ejection fraction, a measurement of left ven-
tricle function, was similarly affected by the intervention 
diets. Western diet-fed mice had significantly reduced 
ejection fraction compared to Control diet-fed mice (~12% 
less) and Mediterranean diet-fed mice (~10% less) (Figure 
4c “Baseline”). Western + Fish oil diet did not reduce base-
line ejection fraction. Tumor burden significantly reduced 
ejection fraction in Control diet and Mediterranean diet-fed 
mice (Figure 4c “Tumor Bearing”). After DOX treatment, 
mice on all diets had significantly reduced ejection fraction 
(Figure 4c “After DOX”). Western diet-fed mice had signifi-
cantly reduced ejection fraction compared to all other diets 
post DOX-treatment. The percent change in ejection frac-
tion from baseline to endpoint was significantly worse in 
Western diet-fed animals (−29.8% compared with −14.2% in 
control diet-fed mice; Table 2) which was not observed in 
Mediterranean or Western + fish oil diet-fed mice.

Elevated E/E' ratio is considered a good predictor of 
heart failure. Mice consuming all three intervention diets 
had increased E/E' values at baseline, with Western diet-
fed mice having a significant increase in E/E' ratio (Figure 
4d). E/E' values of tumor-bearing mice were not signifi-
cantly different from their relative baseline values. DOX 
treatment increased E/E' ratio in Western diet-fed mice 
and with statistical significance in Western Diet  +  Fish 
oil-fed mice. After DOX treatment, both Western diet 

and Western + Fish oil diet-fed mice had a significantly 
higher E/E' ratio compared to Control diet-fed mice. 
Mediterranean diet-fed subjects were not significantly al-
tered from Control diet-fed mice.

Arterial stiffness, as measured by Pulse Wave Velocity, 
was not significantly altered by the intervention diets 
(Figure 4e “Baseline”). Neither tumor burden, nor DOX 
treatment, significantly altered the arterial stiffness of 
Control diet or Mediterranean diet-fed mice. Mice fed 
Western diet exhibited a large, significant increase in arte-
rial stiffness under tumor burden, which was reduced by 
supplementing fish oil (Figure 4e). After DOX treatment, 
Western diet-fed mice, with or without fish oil, exhib-
ited significantly increased arterial stiffness compared to 
Control diet and Mediterranean diet-fed mice, as well as 
compared to their own baseline measurements.

Cardiac fibrosis is indicative of cardiac stress and dam-
age. This was assessed using picrosirius red stain and col-
lagen 1A gene expression. Mediterranean diet-fed mice 
exhibited no increase in fibrosis via microscopy (Figure 
4f). Western diet fed mice exhibited a stark increase in car-
diac fibrosis. Fibrosis was ameliorated by supplementation 
with fish oil, though not to the extent that Western + Fish 
oil diet were comparable to Control diet-fed mice (Figure 
4f). These findings were supported by gene expression. 
Mediterranean diet-fed mice exhibited Collagen 1A ex-
pression similar to Control diet-fed mice. The cardiac 
tissue of Western diet-fed mice expressed Collagen 1A sig-
nificantly higher than Control diet or Mediterranean diet-
fed mice (Figure 4g).

3.5  |  High-fat diet reduces the efficacy of 
DOX treatment on lung metastases

The weight of mice was recorded prior to (dietary effects) 
and post-MDA-MB-231-Luciferase injection (dietary and 
tumor burden effects). Western diet-fed mice, without 
DOX treatment, were the only group to exhibit a statistical 
increase in weight compared to Control diet fed mice that 
were not treated with DOX (Figure 5a). The metastatic 
success of the intra-caudal artery injected MDA-MB-
231-Luciferase cells was verified one-week post-injection 
(inset panel Figure 5a).

F I G U R E  4   Dietary patterns affect the development of DOX-induced cardiac dysfunction. (a) Representative images of M-mode tracing 
using Vevo LAZR ultrasound in mice consuming different diets at baseline and after doxorubicin (DOX) therapy. (b) Fractional shortening 
(%) in mice consuming different diets at baseline, bearing primary 4T1-luciferase breast tumor, and after DOX. n = 6. (c) Ejection fraction 
(%) in mice consuming different diets at baseline, bearing primary 4T1-luciferase breast tumor, and after DOX. n = 6. (d) E/E' ratio in mice 
consuming different diets at baseline, bearing primary 4T1-luciferase breast tumor, and after DOX. n = 6. (e) Pulse wave velocity in mice 
consuming different diets at baseline, bearing primary 4T1-luciferase breast tumor, and after DOX. n = 6–9. (f) Representative images of 
picrosirius red staining in cardiac tissue from mice on each diet at the end of the study indicating collagen deposition. (g) Collagen 1A 
(Col1a1) gene expression in cardiac tissue from mice on each diet. n = 5. *p < 0.05
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As seen in the 4T1-Luciferase model (Figure 1a–b), 
Western diet-fed mice had increased weight due to an 
increase in percent body fat mass (Figure 5b). Western 
diet-fed mice exhibited a statistically increased body fat 
percent, by approximately 8%, compared to all other diets.

At the time of sacrifice, the tumors in Western diet-fed 
mouse lungs were found to contain significantly larger 
metastatic lesions than all other diets (Figure 5c). IVIS 
visualization also revealed that DOX decreased meta-
static lesion size in Control diet, Mediterranean diet, and 
Western + Fish oil diet-fed mice, but not in Western diet-
fed mice (Figure 5c). Visualized results were confirmed by 
lung weight. Lung weight was significantly increased in 
all tumor-bearing mice, regardless of diet (Figure 5d). Diet 
and DOX treatment did not have a discernible effect on 
lung weight in tumor-free lungs. Tumors significantly in-
creased the mass of lungs from mice fed all diets. Western 
diet-fed mouse lungs containing tumors were significantly 
heavier than the tumor-bearing lungs of mice fed Control 
diet, matching observations from IVIS imaging.

DOX treatment was effective in reducing tumor bur-
den, as measured by lung weight, in Control diet and 
Mediterranean diet-fed mice (Figure 5d). Post-DOX treat-
ment, lungs from mice fed Control diet and Mediterranean 
diet were not significantly different in weight from their 
respective DOX-treated lungs without tumors. Lungs from 
mice fed Western diet or Western + Fish oil diet were still 
significantly heavier post-DOX treatment compared to 
their respective tumor-free DOX treated samples.

The cardiac effects of DOX treatment were assessed by 
measuring heart weight, which was then normalized to 
tibia length to account for differences in body size. DOX 

treatment significantly increased the heart weight/tibia 
length ratio in Control diet-fed mice, and to a greater ex-
tent, in Western diet-fed animals. This suggests western 
diet elevated DOX-induced cardiac hypertrophy. These 
changes were not found in mice fed Mediterranean nor 
Western + Fish oil diets (Figure 5e).

4   |   DISCUSSION

Our findings demonstrate the impact of diet on the pro-
gression of TNBC; the ability of diet to modulate chemo-
therapy anti-tumor efficacy; and the impact of diet on the 
development of chemotherapy dose-limiting cardiac tox-
icities. This study demonstrates that not only is the level 
of fat content in a diet significant, but that the type of fat 
in a diet impacts these parameters as well. Elevated fat 
consumption increased body weight and body fat percent 
in both models used in this study. Additionally, increased 
weight was associated with a poor blood glucose regula-
tion, as often observed in humans, which further com-
pounded the deleterious effects of a high-fat diet. In all 
cases, the high-fat Western diet had the greatest impact 
on overall health, be it body fat percent, glucose tolerance, 
or cardiac function. These models allow us to simultane-
ously investigate the effects of diet, obesity, and associ-
ated co-morbidities on breast cancer survival. The role 
of obesity on relapse-free survival, and overall survival, 
is unclear. Some studies suggest obesity does not affect 
relapse-free survival or overall survival of TNBC patients 
(Mei et al., 2018), though not all studies agree (Liu et al., 
2018). However, there appears to be a consensus that 

T A B L E  2   Cardiac function parameters in 4T1 murine study

Control diet Western diet Mediterranean diet
Western + Fish 
oil diet

Fractional shortening

Baseline 43.5 ± 2.5 36.7 ± 2.3 43.4 ± 6.2 40.0 ± 6.7

Endpoint 34.5 ± 4.2 22.8 ± 2.6 35.8 ± 6.1 34.8 ± 7.0

% Change in FS (Baseline to endpoint) −20.6 ± 9.4 −31.6 ± 11.8 −17.0 ± 12.5 −10.3 ± 26.2

Ejection fraction

Baseline 77.8 ± 3.9 65.3 ± 5.5 74.9 ± 7.0 71.0 ± 8.4

Endpoint 63.9 ± 5.7 48.2 ± 6.3 67.2 ± 6.5 60.0 ± 12.2

% Change in EF (Baseline to endpoint) −14.2 ± 7.6 −29.8 ± 4.3 −10.1 ± 6.4 −15.3 ± 16.3

Heart rate (bpm)

Baseline 432 ± 23 419 ± 27 395 ± 35 421 ± 43

Endpoint 444 ± 13 378 ± 41 371 ± 57 428 ± 45

LVPWd (mm)

Baseline 0.72 ± 0.09 0.74 ± 0.06 0.71 ± 0.05 0.75 ± 0.04

Endpoint 0.73 ± 0.08 0.72 ± 0.04 0.74 ± 0.06 0.88 ± 0.10
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obesity reduces therapeutic response in TNBC (Bonsang-
Kitzis et al., 2015; Naik et al., 2019), as was found in our 
preclinical study. These factors, combined with the in-
creased risk of cardiac damage in obese patients with 
breast cancer (Kosalka et al., 2019), make this model, and 
protecting cardiac tissue from therapeutic damage, all the 
more vital to understand.

The type of fat consumed in a high-fat diet differen-
tially affected the two mouse models used in this study. 
BALB/c mice appear to be more sensitive to high fat 
consumption when compared with athymic nu/nu nude 
mice. All three intervention diets increased BALB/c body 
fat percent and body weight, while athymic nu/nu nude 
mice appear only susceptible to increased body fat via 
Western diet. Neither Mediterranean diet nor Western 
diet supplemented with fish oil led to an increase in body 

fat percent in nu/nu nude mice. These findings follow the 
well-documented importance of genetic background and 
adipose-immune-inflammation interactions as regulators 
of an individual's response to a high-fat diet (Francisco 
et al., 2018; Montgomery et al., 2013).

Consumption of a high-fat diet increased the growth 
rate and size of primary tumors in the 4T1 BALB/c model, 
regardless of dietary pattern. This matches trends found 
in other 4T1-high fat diet studies (Evangelista et al., 2019; 
Kim et al., 2011); though it is notable the source of fat 
calories varies between these reports. Western diet was 
notably the most detrimental, leading to the highest rate 
of tumor growth and the largest tumor size. Western diet-
fed mice were the first to develop lung metastases and 
were the only mice to have an increased lung weight. It 
is unclear whether this is due to diet-induced metastases 

F I G U R E  5   Lung MDA-MB-231 metastases tail vein injection model. (a) Mouse weight over time. Open symbols are animals treated 
with doxorubicin (DOX). (b) Body fat mass composition as determined by EchoMRI at 8 weeks of age before TNBC cell injection. n = 8. (c) 
Representative image of lung metastatic lesion formation in excised lungs from vehicle or DOX treated animals from each diet by IVIS. (d) 
Lung weight in non-tumor-bearing and tumor-bearing animals treated with DOX. n = 5–9. (e) Heart weight (normalized to tibia length) in 
tumor-free and tumor-bearing mice on each diet treated with saline or DOX. n = 10–15. *p < 0.05
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growth, inhibition of DOX treatment efficacy, or a com-
bination of both. Similar results were found in the MDA-
MB-231 metastasis nu/nu mouse model, where Western 
diet-fed mice developed the largest tumors and had the 
highest lung weight. However, in this nu/nu model, both 
Mediterranean diet and supplementing Western diet with 
fish oil reduced lung metastasis compared to the 4T1 
BALB/c model where only Mediterranean diet reduced 
lung metastatic lesion number. This may be due to differ-
ences in the mouse model immunogenicity and/or the pri-
mary TNBC cell line.

Diet was a significant factor in the efficacy of DOX 
treatment. In the MDA-MB-231 nu/nu nude mouse 
model, DOX treatment prevented growth or reduced lung 
metastases size in Control diet and Mediterranean diet-fed 
mice so effectively that tumor-bearing lung weight was 
the same as no-tumor lung weight. This was not true of 
Western diet or Western + Fish oil diet-fed mice, who still 
had a significant increase in lung mass post-DOX treat-
ment. This suggests Western diet reduces DOX efficacy. 
However, addition of fish oil to the Western diet back-
ground did improved DOX response compared to Western 
diet-fed animal responses. Similar conclusions can be 
drawn from the 4T1 BALB/c model, though not as defin-
itively. It is difficult to determine whether the differences 
in lung mass are a result of diet affecting DOX efficacy, 
metastatic lesion proliferation/apoptosis, or a combina-
tion of both.

Finally, diet was a significant regulator of cardiac health 
alone and cardiac damage mediated by DOX administra-
tion. Western diet and Western + Fish oil diet resulted in 
reduced cardiac diastolic function. Supplementing fish oil 
appears to be partially protective to the heart, in regards to 
systolic function preservation. These findings are consis-
tent with some of the published data (reviewed in Serini 
et al., 2017). It is noteworthy that these studies are not 
ideal comparisons, as they utilize rats and sheep and dif-
ferent methodology than this study. Some studies showed 
PUFA supplementation showed no effect or increases 
anthracycline-induced cardiac damage (Carbone et al., 
2012; Matsui et al., 2002). However, other studies found 
PUFA supplementation to be protective of anthracycline-
induced cardiac damage (Schjott et al., 1996; Teng et al., 
2010; Yu et al., 2013). PUFA and anthracycline dosage 
level and methodology appear to be significant factors in 
whether PUFA supplementation is protective or harmful. 
The study that indicates harmful effects was performed 
in sheep where the placebo was olive oil (high in mono-
unsaturated fatty acids, previously shown to have health 
benefits) and a lower cumulative dose of DOX (3.6 mg/
kg), which may confound data outcome interpreta-
tion (Carbone et al., 2012). While fish oil supplemen-
tation was found to be protective in this current study, 

further investigation of the cardio-protective capabilities 
of PUFA is required with careful consideration of dose 
(sub-optimal doses would not result in bioavailability and 
supra-pharmacological doses would not be achievable in 
clinical population) and timing (administration of PUFA 
before or after DOX exposure may lead to differential re-
sults). Consumption of a Mediterranean diet improved 
both diastolic and systolic cardiac function when com-
pared with Western diet-fed subjects in response to che-
motherapy, suggesting further dietary benefits of olive oil 
consumption or reduction in sugar intake in modulating 
chemotherapy-mediated cardiotoxicities.

Breast cancer patients often experience accelerated 
bone loss as a side effect of systemic anti-cancer therapies 
(Ramaswamy & Shapiro, 2003). DOX was reported to in-
duce bone damage potentially leading to increased bone 
fracture risk (Fan et al., 2017). We show that consumption 
of a Western diet in combination with DOX administration 
led to a significant reduction in bone fraction (Figure S1) 
that was not observed in mice consuming Mediterranean 
diet, suggesting that diet may also play a key role in DOX-
mediated bone damage as another off-target side effect in-
duced by systemic chemotherapy.

These studies give general insight into the consequences 
of a Western diet on breast cancer progression, poor treat-
ment efficacy, and cardiac damage. Supplementation with 
fish oil, and thus decrease in the n-6:n-3 ratio, was par-
tially protective in some areas but did not fully prevent the 
aforementioned effects. Consumption of a Mediterranean 
diet while undergoing chemotherapy was more effica-
cious in reducing TNBC lung metastatic burden while 
simultaneously improving cardiac function when com-
pared to DOX-treated Western diet-consuming subjects. 
Furthermore, understanding how diet affects cancer de-
velopment and therapeutic outcomes is important in the 
age of individualized medicine. Given the societal and 
fiscal constraints on diet modification, these alternative 
strategies may be more deployable or easier to be made 
available.

5   |   STUDY LIMITATIONS

There are always study limitations that influence the out-
comes and translational ability of the research. Our pre-
clinical model uses young female BALB/c mice. While 
TNBC predominately affects younger women, this study 
may not accurately represent dietary influences in post-
menopausal TNBC patients. Furthermore, it is well estab-
lished that the BALB/c strain is resistant to diet-induced 
obesity, which is observed in our study (animals on high-
fat diets do not surpass the 30% body fat composition that 
defines obesity). Therefore, our study portrays the effects 
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of diets (independent of obesity) on TNBC growth, meta-
static potential, DOX-efficacy, and cardiac dysfunction. 
It is also important to note potential causal and temporal 
confounders of this study, mice bearing-larger lung me-
tastases would display impaired lung volume and have a 
greater impact on cardiac function. Therefore, the reduc-
tion in ejection fraction observed in Western diet con-
suming animal may represent indirect effects mediated 
by lung capacity. However, this is a translational relevant 
model as stage IV metastatic breast cancer patients may 
also develop cardiac toxicities.

6   |   CLINICAL PERSPECTIVE

The findings in this study agree with the general consen-
sus of the field that diets high in salt, sugar, and saturated 
fats increase tumor growth and metastases, while concur-
rently decreasing DOX anti-tumor efficacy. Few studies 
investigate dietary effects on both tumor and heart si-
multaneously. We now show in a tumor-bearing model 
how diet can affect cancer therapy sequelae, such as 
chemotherapy-induced cardiac damage. In light of these 
findings, it is important that the general public be made 
aware of the influence of diet on health and that breast 
cancer patients are made to understand the importance of 
diet regulation during treatment.
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